Nitrous oxide was first shown to be teratogenic by Fink, Shepard and Blandau in 1967 . Later studies by Lane and colleagues (1980) confirmed this effect and also showed that xenon (a gas with anaesthetic potency similar to that of nitrous oxide) had no such effect. This suggested that the teratogenicity was a specific toxic effect of nitrous oxide rather than being related to its action as an anaesthetic. In our laboratories Pope and colleagues (1978) exposed pregnant rats to nitrous oxide under conditions different from those used by Lane and colleagues (1980) and found fetal growth retardation, but no increased incidence of resorption or skeletal abnormalities.
Nitrous oxide was first shown to be teratogenic by Fink, Shepard and Blandau in 1967 . Later studies by Lane and colleagues (1980) confirmed this effect and also showed that xenon (a gas with anaesthetic potency similar to that of nitrous oxide) had no such effect. This suggested that the teratogenicity was a specific toxic effect of nitrous oxide rather than being related to its action as an anaesthetic. In our laboratories Pope and colleagues (1978) exposed pregnant rats to nitrous oxide under conditions different from those used by Lane and colleagues (1980) and found fetal growth retardation, but no increased incidence of resorption or skeletal abnormalities.
Therefore, we designed a series of studies with two objectives. The first was to test the hypothesis that the teratogenic effect of nitrous oxide was the result of interference with DNA synthesis by altering folate metabolism, since it is already known to cause megaloblastic haemopoesis in association with a positive deoxyuridine suppression test (Amess et al., 1978; Mazze et al., 1984) . To this end we exposed pregnant rats to nitrous oxide with and without pretreatment with folinic acid. The second objective was to determine whether we could reproduce the results of Lane and colleagues (1980) with a similar time course of exposure to nitrous oxide. This was to demonstrate that the apparently conflicting results were attributable to the pattern of exposure and not to other differences such as strain of rat or environmental factors between the two laboratories. 
Animals
Adult pregnant Sprague-Dawley rats aged 9-10 weeks (weight 240-300 g) were supplied by the specified pathogen-free unit at the Clinical Research Centre. Day 1 of pregnancy was signified by the presence of a vaginal plug. Rats were then transferred to a clean room with a 12-h dark-light cycle and fed on a standard small animal diet (Spillers No. 1).
Exposure groups
There were six exposure groups (table I) of varying sizes, because of differences in group parity. The first three, as specified in table I, received neither nitrous oxide nor folinic acid, but were with or without food deprivation on the 9th day of pregnancy and with or without a dummy i.p. injection of water. Group 4 received folinic acid, but no nitrous oxide. Group 5 received nitrous oxide, but no folinic acid, while group 6 received both nitrous oxide and folinic acid.
Administration of folinic acid
Under the circumstances of the study, folinic acid is administered most reliably by the parenteral route. In order to minimize handling and stress, we administered only two i.p. injections of 0.3 ml containing 0.1 mg of calcium leucovorin (folinic acid) 12 h, and immediately, before the exposure to nitrous oxide. To determine the adequacy of this dose, we measured the total non-methyl folate concentration 24 h after administration of the second injection of folinic acid in two additional groups of pregnant rats, one exposed to nitrous oxide and the other to air. Folate concentrations were compared with those in two control groups similarly exposed to nitrous oxide or air. These animals were not included in the teratogenic study. Plasma total folate concentrations were determined by microbiological assay using L. casei and non-methyl folates using P. cerevisiae as described by Chanarin (1979) after Tepley and Elvehjem (1945) . Methyl folates were derived by subtraction of non-methyl folates from total folates.
Exposure conditions
Immediately after the second i.p. injection on the 9th day of pregnancy, rats were exposed in batches of four to the appropriate gas mixture for 24 h, in their own breeding box fitted with a gas-tight hood. Fresh gas flow was 7 litre min" 1 supplemented with a closed circuit which passed 7 litre min" 1 through soda-lime and alumina to reduce the build-up of carbon dioxide and water vapour, respectively.
For groups 5 and 6, the fresh gas flow consisted of nitrous oxide and oxygen to maintain a gas concentration in the breeding box within the limits 70-75 % nitrous oxide. Carbon dioxide concentration did not exceed 1.0% and the oxygen concentration was 25±2%. For the control groups, nitrous oxide was replaced with nitrogen. Gas concentrations within the breeding box were monitored at hourly intervals (Medishield Mass Spectrometer). Temperature was maintained at 25 ± 1.5 °C and monitored with a Yellowsprings Instrument probe, type 406. Humidity was maintained below 80 % and was monitored with a hair hygrometer. Food and water were available ad libitum, except for group 3, which received only water during the period of exposure.
Examination of fetuses
On the 21st day of pregnancy, the dams were killed (by the inhalation of carbon dioxide in a specially constructed cage) and the uteri opened. The numbers of live, dead and resorbed fetuses were noted. The fetuses were weighed, their crown-rump lengths measured and they were inspected for external malformations. They were sexed and fixed in 95% alcohol before skeletal staining with alizarin red (Dawson, 1926) .
Statistical analysis
Weights and skeletal markers of maturity were compared between groups using unpaired Student's t tests, as the values within the groups were normally distributed. The Mann-Whitney U test was used for the skeletal abnormalities when the data were found not to be normally distributed. P values of less than 0.05 were considered significant. 
RESULTS

Folate concentrations
The bioassay measured non-methyl folate concentrations (tetrahydrofolate, folinic acid (5-formyl tetrahydrofolate) and 10-formyl tetrahydrofolate). For rats exposed to both air and nitrous oxide, the total non-methyl folate concentrations were significantly greater 23 h after receiving an injection of folinic acid than in the control groups breathing air (table II) . Methyl folates were increased in the group receiving nitrous oxide and further increased in the group receiving folinic acid and nitrous oxide.
Conception and resorptions
Conception had not occurred in all animals, and the results are based only on those animals with products of conception, the numbers of which are, for each group, indicated in table I. There were no significant differences in means and variances of any index of fetotoxicity in groups 1-4, which were, therefore, pooled as a common control group (table III) . There were no significant differences in numbers of implants, live fetuses or resorptions per dam between the control and treated groups. There were no significnt differences in sex ratios.
Fetal and placental size
Fetal weight was decreased significantly in both groups receiving nitrous oxide (P < 0.005) (table  IV) . Placental weight was significantly reduced only in the group receiving nitrous oxide without folinic acid (P < 0.001). Crown-rump lengths were not significantly different.
Indices of maturity
The mean number of sternebrae in the nitrous oxide-exposed group was 79% of that of the pooled controls, the difference being significant (P < 0.001). In the nitrous oxide-exposed group receiving folinic acid, the value was 99%, which was not significantly different from control, but was significantly different from the nitrous oxide-exposed group not receiving folinic acid (P < 0.005).
The mean number of caudal vertebrae in the nitrous oxide-exposed group was 83% of the pooled controls, the difference being significant (P < 0.001) (table IV). In the nitrous oxideexposed group receiving folinic acid the value was 93 % of control which was significantly different from control (P < 0.001) and also significantly different from the nitrous oxide-exposed group not receiving folinic acid (P < 0.05). 
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FIG. 1. Skeletal abnormalities in
Sprague-Dawley rats exposed to 70-75 % nitrous oxide on the 9th day of pregnancy. The difference in the incidence between exposed and control groups is significant (P < 0.001). Bars are ± 1 SEM.
Major skeletal abnormalities
In the pooled control groups, 8.4% of fetuses showed a major skeletal abnormality (table V, fig.  1 ). The value for the nitrous oxide-exposed group not receiving folinic acid was 41.3%, which was significantly different from the pooled controls (P < 0.001, Mann-Whitney U test). For the nitrous oxide-exposed group receiving folinic acid the value was 19.1 %, which was not significantly different from the combined control group. The difference from the nitrous oxide-exposed group not receiving folinic acid approached, but did not reach, the conventional level of significance (P = 0.07, two-tailed Mann-Whitney U test).
DISCUSSION
Our results in the dams not receiving folinic acid accord very closely with the findings of Lane and colleagues (1980) who found major skeletal abnormalities in 37 % of fetuses exposed to nitrous oxide compared with 8% in the control group exposed to air. The only major differences in exposure between the present study and that of Pope and colleagues (1978) are that the former used 70-75 % nitrous oxide (50 % in the latter) and the duration and timing of exposure were different. In the present study, exposure was 24 h on the 9th day of pregnancy, as in the study of Lane and colleagues (1980), but Pope and colleagues exposed animals to 50 % nitrous oxide for 8 h a day throughout pregnancy.
There are at least three possibilities for the differences between our results and those of Pope and colleagues (1978) . First, the critical difference may be between 50 and 75% nitrous oxide. However, the ED^, for the inhibition of methionine synthetase activity is only 10% nitrous oxide for a 4-h exposure in mice (Koblin et al., 1981) and 1 % for a 24-h exposure in rats . Deoxyuridine suppression in the pregnant rat has been demonstrated with concentrations as low as 0.75% (Baden et al., 1983) . On the assumption that there is a relationship between the concentrations causing biochemical changes and those associated with teratogenesis, the difference between 50 and 70% is unlikely to be important. Second, exposure was intermittent in the study by Pope and colleagues (1978) , allowing the possibility of some recovery of methionine synthetase activity. However, recovery is measured in days rather than hours (Deacon et al., 1978) and intermittent exposure to 50% nitrous oxide for 15 min three times a day has resulted in megaloblastic anaemia in man, and in gross reductions in methionine synthetase activity in rats after 4 days (Nunn et al., 1982) . Third, the exposure to nitrous oxide in early pregnancy may have permitted the induction of alternative metabolic pathways. For example, rapid induction of the betaine pathway in liver has been observed in rats exposed to nitrous oxide (Lumb et al., 1983) . This pathway also causes the methylation of homocysteine to methionine and, thus, could compensate for the inhibition of methionine synthetase.
The working hypothesis for the teratogenic effect of nitrous oxide is based on the assumption that the only chemical effect of nitrous oxide is inactivation of vitamin B 12 , the bound cofactor of the enzyme methionine synthetase, which is known to be inhibited rapidly when rats are exposed to nitrous oxide (Deacon et al., 1978) . Fetal hepatic methionine synthetase activity is reduced soon after changes are detected in the maternal liver (Baden et al., 1983) . Although the precise mechanism is disputed, it appears that this results in interference with the synthesis of 10-formyl tetrahydrofolate which is a precursor of 5,10-methylene tetrahydrofolate, the obligatory carbon donor for the synthesis of thymidine, an essential base of deoxyribonucleic acid ( fig. 2) . It is not clear how far the serine pathway provides an effective alternative means of synthesis of 5,10-methylene tetrahydrofolate, but this pathway is itself based on tetrahydrofolate.
5-Formyl tetrahydrofolate is commercially available as calcium leucovorin and is converted in the body to 10-formyl tetrahydrofolate which is the major substrate for the synthesis of 5,10-methylene tetrahydrofolate and should maintain its concentration even in the presence of methionine synthetase inhibition.
Unfortunately, there are no convenient methods available for the specific estimation of folinic acid concentrations in plasma and thus the dose given was derived empirically. Nevertheless, we have demonstrated substantial and significant increases in the concentrations of total non-methyl folates 24 h after the second injection of calcium leucovorin. The increase in plasma concentration of methyl folates in rats receiving folinic acid is probably the result of displacement from the intracellular compartment and is evidence for entry of folinic acid into the cells. The injection inevitably stressed the animals, but this had no apparent effect on the mean of any index of fetotoxicity in our control groups. However, the scatter in our results is greater than in the study by Pope and colleagues (1978) , which was carried out under comparable circumstances, without any injection. Nevertheless, we did demonstrate a 5-fold increase in skeletal abnormalities in fetuses exposed to nitrous oxide, but not protected by folinic acid. This was reduced to 2-fold by the administration of folinic acid. It is interesting that placental weights were reduced only in the nitrous oxide groups not receiving folinic acid. However, the biological significance of this is difficult to assess. The two indices of skeletal maturity both show a statistically significant effect of nitrous oxide which is modified by folinic acid. In the case of sternebrae, a highly significant effect of nitrous oxide was almost completely reversed by folinic acid. Haurani, Kauh and Abboud (1984) have reported a direct inhibition of thymidylate synthetase by nitrous oxide in human phytohaemagglutinin-stimulated lymphocytes. However, Deacon and colleagues (1981) found an increase in the activity of thymidylate synthetase in the Sprague-Dawley rat exposed to nitrous oxide. Therefore, it seems improbable that this would explain the incomplete protection by folinic acid found in the present study. We conclude that nitrous oxide is indeed a teratogen when given under the conditions used by Lane and colleagues (1980) and ourselves. Daily exposure to nitrous oxide throughout pregnancy (Pope et al., 1978) seems to have less severe effects than exposure confined to the 9th day of pregnancy. Partial protection, in terms of indices of maturity and skeletal abnormalities, appears to be provided by calcium leucovorin (folinic acid), which.supports the hypothesis that the teratogenic effect of nitrous oxide is based on the inhibition of methionine synthetase activity.
Extrapolation of our animal model to pregnant patients is complicated by several factors. First, there is as yet no epidemiological evidence to suggest that fetal abnormalities have resulted from the exposure of pregnant patients to nitrous oxide. Second, there is evidence that the rate of inhibition of methionine synthetase activity in man is appreciably slower than in rodents (Kano et al., 1981; Kano et al., 1984; Koblin et al., 1981; Koblin et al., 1982) . However, interference with DNA synthesis has been recorded in man exposed to nitrous oxide for less than 2 h, and grossly abnormal results after exposure lasting 2-4 h (Amess et al., 1978) . There would, therefore, appear to be a theoretical basis for the possibility of fetotoxicity following the administration of nitrous oxide to a pregnant woman during the time of organogenesis. Further studies will be required to establish the upper limit of duration of nitrous oxide administration which does not interfere with DNA synthesis in women. However, it is only by epidemiological studies that it will be possible to determine the extent to which nitrous oxide is a significant cause of fetotoxicity in pregnant women.
